I. INTRODUCTION
Boiling heat transfer in the nucleation regime has been extensively studied due to its effectiveness in enhancing the heat transfer rate by removing considerably larger amounts of heat during liquid-to-gas phase-change, which occurs above the coolant's boiling point, compared to that in other regimes. In order to further enhance the heat transfer rate in this regime, various techniques have been investigated, which can generally be categorized into two categories: passive and active techniques. The former do not involve the application of external fields and mostly rely on surface functionalization to alter the surface conditions of the heated plate. [1] [2] [3] For instance, Khanikar et al. 4 demonstrated the ability of coating a surface with carbon nanotubes to enhance the critical heat flux in rectangular microchannels. However, this technique is plagued by poor reproducibility due to changes in the morphology of the carbon nanotubes after several tests, resulting in progressive degradation of the critical heat flux. In another study on flow boiling enhancement in microchannels coated with copper nanowires conducted by Morshed et al., 5 an increase in the boiling heat transfer coefficient by up to 56% was demonstrated. Nonetheless, the deterioration of these surface coatings over time leading to lower cooling efficiencies remains a considerable drawback associated with these passive methods that rely on surface modification.
Active techniques, on the other hand, involve the application of externally applied fields. For instance, Kano 6 employed electric stresses to induce a Kelvin-Helmholtz instability at the liquid-vapor interface on the boiling surface; the spatiotemporal undulations in the interface of the thin liquid film giving rise to greater surface area for heat transfer, thus augmenting a) Electronic mail: tan.ming.kwang@monash.edu the critical heat flux. McGranaghan and Robinson, 7 on the other hand, reported enhancements in the heat transfer rate during convective boiling under the influence of strong AC electric fields which drove intense oscillations and subsequently the coalescence of bubbles nucleating on the heat exchange surface, the agitation of the liquid that ensued resulting in higher convective heat transport rates.
Improvements in heat transfer using acoustic waves have also been investigated. [8] [9] [10] [11] [12] Kim et al. 10 studied the effects of low frequency ( f ∼ 10 4 Hz and λ l ∼ 10 −2 m) ultrasonic vibration in three heat transfer regimes: natural convection, subcooled boiling, and saturated boiling. They showed that bubble cavitation plays an important role in enhancing heat transfer in the first two regimes by inducing thermal mixing within the liquid. On the other hand, enhancement in the saturated boiling regime arises due to the transport of vapor bubbles away from the heated surface due to the acoustic radiation pressure acting directly on the bubbles. Similar bubble detachment and transport away from heated surfaces were demonstrated by Douglas et al.
11 using low frequency ( f ∼ 10 3 Hz and λ l ∼ 10 −1 m) acoustic fields. Unlike the low frequency ( f ∼ 10 3 -10 4 Hz and λ l ∼ 10
to 10 −2 m) acoustic waves employed in the preceding studies, there is little, if any, understanding of how high frequency ( f ∼ 10 6 Hz and λ l ∼ 10 −4 m) acoustic waves influence heat transfer, particularly in the nucleate boiling regime. Moreover, the inverse relationship between the penetration depths over which the sound wave in the liquid decays and the frequency, captured by the viscous boundary layer thickness δ v ≡  2µ/ (ρω), wherein µ is the liquid viscosity, ρ its density, and ω is the angular frequency of the acoustic waves, 13 allows for more intense streaming within a locally confined region of thickness δ v closer to the heat transfer surface that further enhances the detachment and hence removal of the nucleation bubbles from the surface as well as the thermal mixing. Additionally, further enhancement in the heat transport is obtained via a mechanism which we shall elucidate by very efficiently destabilizing the liquid interface resulting in the atomization of the liquid using the same setup. Figure 1 illustrates the experimental setup. Briefly, a sinusoidal electric signal at resonance generated through a function generator (WF1966, NF Corporation, Japan) was amplified using a high frequency amplifier (25A250A, Amplifier Research, USA) connected to the piezoelectric transducer to generate the acoustic waves. The transducer was placed atop a copper plate embedded with two cylindrical resistance heaters that comprised the heated surface; the heaters, connected in parallel and powered by a DC voltage power supply, were inserted into pre-drilled cylindrical slots with a tight-fit clearance to ensure effective heat transfer from the heaters to the copper plate that subsequently heated up the piezoelectric transducer to simulate the production of waste heat. A 8 mm diameter hole was drilled in the plate directly underneath the transducer to allow temperature measurements on the transducer surface using a thermal imager (TIM 160, Micro-Epsilon, Germany). A fixed amount (0.07 mℓ) of deionized (DI) water was used as the cooling medium, which covered an area of approximately 6 mm in diameter after dispensed on the piezoelectric transducer. Three different piezoelectric transducers (PIC 255, PI Ceramic, Germany) with resonant frequencies of 0.68 MHz (20 mm diameter and 3.5 mm thickness), 1.82 MHz (17 mm diameter and 1.35 mm thickness), and 2.25 MHz (20 mm diameter and 1.2 mm thickness) were selected. For these transducers, the surface displacement amplitude ξ s , in the range 9.6-38 nm, was estimated from the relationship ξ s ≈ d 33 V pp , FIG. 1. Schematic diagram illustrating the experimental setup in which the acoustic waves generated by a piezoelectric transducer is used to enhance cooling of a heated copper plate. Thermal image cameras were used to measure the average surface temperature at the top (four red spots surrounding the droplet) and bottom of the piezoelectric transducer. The sketch is not drawn to scale. wherein d 33 is the mechanical strain induced per unit applied electric field.
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II. EXPERIMENTAL AND NUMERICAL SIMULATION METHODS
For each experiment, the sampling rate of the thermal imager was set at 100 Hz and the average temperature over the projected area (on the bottom surface of the piezoelectric transducer) of size 4 mm × 4 mm (40 pixels × 40 pixels) was acquired. Since the droplet covered the top substrate surface at the liquid-substrate in interface, therefore, the temperature was measured on the bottom substrate surface. To minimize the uncertainty in temperature measurement due to the different transducer thicknesses, we also measure the surface temperature surrounding the droplet at four different locations-5 pixels × 5 pixels at each location-on the top surface of the piezoelectric transducer, see Fig. 1 . Once the surface temperature of the piezoelectric transducer reached its initial steady state temperature T 0 -which we set at T 0 = 130
• C-the liquid coolant was supplied to its surface and the temperature recording initiated. The temperature recording was terminated soon after the surface temperature reaches its minimum point T min ; this was done by monitoring the temperature fluctuation over time in each experiment. The ratio between the minimum temperature and its initial temperature T min /T 0 can then be calculated-as a function of the input voltage V pp and hence the vibration surface displacement amplitude of the transducer ξ s -to quantify the effectiveness in the cooling; the more effective the heat transfer from the heated substrate to the cooling medium, the lower the value of T min /T 0 . We note here that for all the three piezoelectric transducers of different thicknesses, the difference in T min /T 0 estimated using the top surface average temperature surrounding the droplet and that estimated using the bottom surface average temperature over the projected area is less than ±2%, i.e., (
Additionally, a high speed camera (M310, Phantom, NJ), equipped with a long distance magnifying lens (1-50486, Navitar, Rochester), was used to image the atomization process.
To elucidate the propagation of the acoustic wave around a vapor bubble and the acoustic streaming it generates, a simplified 2-dimensional numerical model was constructed. Briefly, a regular perturbation expansion of the fluid velocity u, pressure p, and density fields in the asymptotically small ε = U/c 0 limit, wherein U is the characteristic scale of the local velocity of the fluid elements and c 0 is the speed of sound, is applied to the equations governing the conservation of mass and momentum, leading to the following first order approximations:
13,15
and the first order approximation of the equation of state for an adiabatic process,
wherein t denote the time, and µ B is the bulk viscosity. The zeroth term denoted by the subscript "0" refers to the unperturbed equilibrium state. The first order approximation is denoted by the subscript "1" and provides the solution of the This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: propagation of the sound wave in the fluid. The time-averaged second-order approximation can be written as [15] [16] [17] 
and the second order approximation of the equation of state yields
where B/A ≈ 5 for distilled water and B/A = γ − 1 for gaseous media, and γ is the specific heat ratio. The parentheses ⟨⟩ denote time-averaging of the inner quantity. F dc is the body force density which is arising from the forcing of the first order acoustic field, p dc is the second order pressure, and u dc is the second order streaming velocity. These equations were solved using finite difference time domain numerical scheme. [18] [19] [20] Briefly, a rectangular computational domain (using x − y Cartesian coordinate system, see Fig. 2 ) of dimension 4 mm (L cd ) × 2 mm (H cd ) was constructed. The bottom surface (at y = 0 and x = 0) represents vibrating wall and the motion is expressed by v 1 = V y sin(ωt), where v 1 represents the acoustic particle velocity in the y− direction, and V y is the velocity amplitude. The other three surfaces represent non-reflecting boundaries, and the perfectly matched layer condition was used. [20] [21] [22] [23] The spacing between nodes was 7 µm. Within the computational domain, volume-of-fluid technique 24 was employed, in which cells occupied by liquid were assigned "1," whereas cells occupied by vapor were assigned "0." To ensure stability, Courant criterion was used. 25 Figure 3 shows a plot of the temperature ratio T min /T 0 as a function of a dimensionless group 
III. RESULTS AND DISCUSSIONS
showing the three different heat transfer regimes. No atomization was observed in regime I (blue color background), whereas in regimes II and III (orange color background), atomization accompanied by the bursting of vapor bubbles was observed ( Fig. 6(a) ). Note that Π = 0 represents the condition without acoustic wave. The trendlines were added to aid visualization.
amplitude of the substrate that represents the sound energy transmitted into the liquid to that dissipated in the liquid in the viscous boundary layer due to viscous absorption, manifesting in streaming generated in the liquid. Typically, the larger this value, the stronger the streaming, and above a threshold energy, the stronger the atomization of the liquid. On the other hand, Π 2 ≡ λ l /H f characterises the relative dimensions between the sound wavelength in the liquid compared to the thickness of the film. Three distinct regimes are observed in the cooling characteristics presented in Fig. 3 .
A. Regime I: Enhancement in heat transfer without atomization
For low input powers in regime I, wherein there is insufficient vibration to induce atomization of the liquid, a linear relationship is obtained in the cooling characteristics, i.e., T min /T 0 ∝ −(ξ s /δ v )(λ l /H f ), revealing that the heat transfer is enhanced with larger energy input to the transducer. As T 0 is above the boiling point, nucleation occurs at the surface of the transducer comprising the solid-liquid interface. Given that δ v ∼ 10 −7 m is smaller than the diameter of the vapor bubbles φ v at their inception on the surface, 26 the bubbles are subjected to the strong radiation pressure arising from the sound waves transmitted into the liquid leading to their detachment and transport from the surface.
The role of the acoustic radiation pressure can be illuminated by the simulations we carry out to examine the propagation of the sound waves from the vibrating transducer surface at y = 0 into the liquid in the presence of a vapor bubble placed at atop the surface. For small bubbles in which φ v < λ l ( f = 2 MHz, λ l ≈ 730 µm, and φ v = 100 µm), the acoustic pressure is relatively uniform around the bubble as seen in Fig. 4(a-i) , suggesting that the bubble is uniformly expanding and contracting as the wave propagates through and around the bubble, [27] [28] [29] inducing its detachment from the surface. As the size of the vapor bubble increases however, i.e., φ v ∼ λ l ( f = 2 MHz, λ l ≈ 730 µm, and φ v = 700 µm), the acoustic This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: pressure exerted on the bubble becomes nonuniform as seen in Fig. 4(a-ii) . By estimating the acoustic pressure force F ac ≡ ⟨p rms | Γ ⟩πφ 2 v exerted on a vapor bubble, where ⟨p rms | Γ ⟩ is the time average of the root-mean-square (rms) of the acoustic pressure at the vapor-liquid interface Γ, we find F ac ∝ φ primary Bjerknes force, i.e., the acoustic radiation pressure exerted on a vapor bubble and its radial oscillations, 11,30
where P a is the pressure amplitude, P 0 is the local static pressure of the liquid, ω 0 is the resonant angular frequency of the vapor bubble, ω is the angular frequency of the acoustic field, and ζ is the distance from the nearest pressure node. From Eq. (7), we also note that F ac ∝ φ 3 v /λ l . When a vapor bubble of diameter with a characteristic dimension in the order of φ v ∼ 10 −5 m (φ v < λ l ) forms above the heated substrate, several forces exerted on the bubble can act to prevent its detachment from the surface: contact line pinning F c ∼ σl v ∼ 10 −7 N, hydrostatic pressure F g ∼ ρgH f φ 2 v ∼ 10 −9 N, and streaming drag F s ∼ µφ v U dc ∼ 10 −11 N, where σ is the surface tension coefficient, l v is the characteristic length associated with the contact line, U dc is the acoustic streaming velocity, and g is the gravitational acceleration. On the contrary, other forces act to promote the detachment of the vapor bubble: the acoustic pressure force From the relationship shown in Fig. 3 , it can be seen that the heat transfer improves as the wavelength increases (lower vibration frequencies), i.e., T min /T 0 ∝ −λ l . Using the relationship reported by Douglas et al.
11 φ 3 v f 2 ρ/σ ≈ 300, we estimate that a vibration frequency on the order f ∼ 10 5 Hz (λ l ∼ 10 −2 m) is effective to detach bubbles of diameters on the order φ v ∼ 10 −4 m, whereas vibration frequencies on the order f ∼ 10 6 Hz (λ l ∼ 10 −3 m) are required to detach bubbles of diameter on the order φ v ∼ 10 −5 m. This suggest that lower frequencies (larger wavelengths) are more effective in removing larger vapor bubbles to improve heat transfer from the heated surface to the liquid above it. Additionally, we note that the improvement in heat transfer in this regime can also be attributed to the enhancement in thermal mixing due to the acoustic streaming, evidenced by the velocity vector field in Fig. 4(b) ; the flow generated by the acoustic waves assists in the transport of thermal energy away from the heated substrate to the liquid-air interface although we note that this effect is weak compared to the effects of the acoustic radiation pressure due to the weak streaming observed at low substrate displacement amplitudes employed in regime I. We further note that this thermal transport by acoustic streaming is similar to forced convection heat transfer. By assuming that the heat transfer coefficient reduces with increasing surface temperature for forced convection in laminar flow over a flat plate, i.e., h ∝ − (T min /T 0 ), the heat transfer coefficient is also proportional to the square-root of the Reynolds number, 31 i.e.,
dc . Since the acoustic streaming velocity is proportional to the square of the surface displacement, 22 i.e., U dc ∝ ξ 2 s , T min /T 0 ∝ −ξ s , which is consistent with the relationship shown in Fig. 3 .
B. Regimes II and III: Enhancement in heat transfer with atomization
Interestingly, at the inception of atomization above a threshold value of the substrate vibration displacement amplitude, the temperature ratio T min /T 0 drops dramatically (at the boundary between regime I and regime II in Fig. 3) . The sudden drop in T min /T 0 can be attributed to the rapid bursting of vapor bubbles once they detach from the substrate surface and are in proximity of the liquid-air interface leading to an increase in the vaporization rate; the destabilization and bursting of the vapor bubbles are likely to be a consequence of capillary waves travelling at the thin liquid film that exists between the vapor bubble and the air. Figure 7 shows results from a simulation of the propagation of acoustic waves from the vibrating surface (at y = 0) into the liquid in the presence of a vapor bubble that has detached and has travelled close to the liquid-air interface such that a thin liquid film of thickness h v forms between the bubble and the free surface. Since the thickness of the liquid film is much smaller than the acoustic wavelength in the liquid, i.e., h v ≪ λ l , the acoustic waves are reflected back into the bulk of the liquid. It is then likely that capillary waves are generated at the bottom half of the vapor bubble in contact with the bulk of the liquid and thus subjected to strong acoustic radiation pressure. The capillary waves then propagate upward along the bubble interface, driving the disruption of the thin liquid film and hence the bursting of the vapor bubble into air. This can be seen in the high speed video images capturing the atomization process at the free surface of the liquid in Fig. 6 wherein we found the resultant aerosol droplet to be within the size range 70 µm < φ l < 190 µm in the absence of any vapor bubbles whereas the droplet sizes decrease markedly (7 µm < φ l < 11 µm, which is well within the range reported in the literature 32 ) due to a bag breakup mode when the vapor bubbles are present and burst to drive secondary droplet formation. 33 The above, however, is only true for large vapor bubbles (φ v > λ l ) when the acoustic radiation pressure exerted on the bubble interface is nonuniform (see Fig. 7(a-ii) ). For small vapor bubbles (φ v < λ l ), the acoustic radiation pressure exerted on the liquidvapor interface is rather uniform (see Fig. 7(a-i) ), and thus unlikely to result in the generation of capillary waves along the bubble interface.
The findings above suggest that the decrease in the heat transfer efficiency in regime II with smaller wavelengths, i.e., T min /T 0 ∼ λ l , consistent with the experimental results shown in Fig. 3 , is mainly due to the reduction in the bubble bursting. We speculate further that as the bursting rate reduces further, more bubbles accumulate at the liquid-air interface, leading to FIG. 6. (a) Image showing the atomization of the liquid at the free surface and the subsequent bursting of vapor bubbles to drive disintegration of the atomized drops that were captured by the high speed camera when the liquid was excited by 1.82 MHz substrate vibration and the initial surface temperature of the substrate was T 0 ∼ 130 • C. Droplets in two distinct diameter ranges were generated: 70 µm < φ l < 190 µm and 7 µm < φ l < 11 µm. (b) In a different experiment, the initial surface temperature of the substrate was well below the boiling point (T 0 ∼ 65 • C), and thus, no vapor bubbles were formed. Due to the absence of vapor bubbles, no droplets within the 7 µm < φ l < 11 µm range were observed when the substrate was excited by the 1.82 MHz acoustic wave. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: Since the size of the atomized droplets is a function of the liquid surface tension, which, in turn, is governed by the temperature of the liquid, we therefore expect the size of the atomized droplets to reduce at higher liquid temperatures due to lower surface tension. For Π ∼ 0.153, the droplet diameter decreases with increasing temperature, suggesting effective thermal mixing that gives rise to better heat transfer, i.e., T min /T 0 ∼ 0.6. However, for Π ∼ 0.165, the size of the atomized droplets remained almost constant, suggesting that the liquid is atomized at relatively low/constant temperatures and results in deficient cooling, i.e., T min /T 0 > 0.7. Finally, for Π ∼ 0.193, the size of the atomized droplets reduces slightly at higher temperatures, suggesting the thermal mixing is slightly enhanced due to the strong vibration and gives rise again to a recovery in the cooling efficiency, i.e., 0.6 < T min /T 0 < 0.7.
IV. CONCLUSIONS
In this work, we examine and elucidate the enhancement of heat transport by inducing high frequency acoustic waves on a heated surface in contact with a cooling medium. The results show that high frequency acoustic cooling further enhanced the heat transfer in nucleate boiling regime as a consequence of interactions between acoustic waves and vapor bubbles. The reduction in surface temperature T min /T 0 of the heated substrate appears to be a function of the surface displacement of the vibrating substrate ξ s , the boundary layer thickness δ v , the acoustic wavelength λ l , and the thickness of the liquid H f , i.e., T min /T 0 ∼ (ξ s /δ v )(λ l /H f ). Three important regimes are identified. In regime I, the improved heat transfer is mainly due to detachment of vapor bubbles from the heated surface and thermal mixing arising from the acoustic streaming generated in the liquid. In regime II, heat transfer is enhanced due to the rapid bursting of vapor bubbles due to capillary waves generated on the bubble interface as a consequence of the acoustic radiation pressure exerted on it as the acoustic waves propagate into the liquid from the substrate. The bubble bursting rate reduces with increasing values of Π, however, leading to their accumulation at the liquid-air interface, therefore impeding thermal mixing, and hence resulting in decreased heat transfer efficiencies. In regime III, rapid atomization disperses the vapor bubbles accumulated at the liquid-air interface, thus improving the thermal mixing, leading to a recovery in the heat transfer efficiency. For practical applications, the inception of regime II, i.e., Π ∼ 0.14, is recommended due to the rapid drops in surface temperature. 
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